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Tbjective: The purpose of this study was to evaluate the adverse effect of back-
leeding from the lumbar arteries on spinal cord pathophysiology in a rabbit model.
ethods: White rabbits were divided into 3 groups. Through laparotomy, the abdom-
nal aorta was clamped below the renal artery and above the aortic bifurcation for
5 minutes. In group 1 (n 13), back-bleeding from the lumbar arteries was drained
rom the aorta during aortic clamping. In group 2 (n  10), back-bleeding was not
rained. Group 3 (n  6) was the sham-operated group. Postoperative hind limb
unction was evaluated using the modified Tarlov scale, and cell damage was analyzed
y counting the number of intact motor neurons and terminal deoxynucleotidyl
ransferase-mediated deoxyuridine triphosphate nick-end labeling (TUNEL)-positive
eurons.
esults: At 4 hours after operation, all animals were neurologically impaired in
roup 1 and normal in group 2. Motor neurons were significantly damaged in group
compared with groups 2 and 3 (P  .05). Forty-eight hours later, almost all
nimals were neurologically and pathologically damaged in groups 1 and 2. There
as no difference in the number of normal motor neurons between the two groups,
ut the number of TUNEL-positive cells in group 2 was significantly larger than
hose in group 1.
onclusions: Rabbits with 15-minute aortic clamping in the infrarenal portion
howed delayed paraplegia, and those with back-bleeding from lumbar arteries
howed early onset of paraplegia. The prevention of back-bleeding from intercostal
rteries and lumbar arteries during thoracoabdominal aortic surgery was considered
o reduce spinal ischemic injury.
araplegia remains a devastating complication of thoracoabdominal aortic
surgery. Efforts aimed at preventing spinal cord ischemia have been wide-
spread during the past two decades. Maintenance of distal aortic perfusion,
erebrospinal fluid (CSF) drainage, systemic deep hypothermia or epidural cooling,
egmental aortic clamping, reimplantation of intercostal or lumbar arteries, and use
f motor- or somatosensory-evoked potentials have resulted in a significant decrease
f neurologic deficits.1-6
Since 1985, Wadouh et al7-9 have investigated the relationships between aor
rossclamping and spinal cord blood flow by direct measurements of oxygen tension
n the spinal cord surface in pigs and have reported that during the period of aortic
lamping, blood flowed back from the spinal cord to the hypotensive aorta—the
o-called “steal phenomenon.” Although it is certain that the steal phenomenon
educes spinal cord perfusion, there are few reports as to whether back-bleeding
rom segmental arteries really results in spinal cord ischemic injury. We investigated
he impact of back-bleeding on spinal cord blood flow by means of neurologic and
istopathologic evaluation.
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CSPaterials and Methods
he handling of laboratory animals and their use in experiments
onformed to the “Guidelines for Animal Experiment at Kobe
niversity Graduate School of Medicine” and “Guide for the Care
nd Use of Laboratory Animals” published by the National Acad-
my Press.10
Japanese domesticated white rabbits weighing 2.6 to 3.8 kg
ere divided into the following 3 groups: 15-minute spinal cord
schemia with back-bleeding from lumbar arteries (group 1; n 
3), 15-minute spinal cord ischemia without back-bleeding (group
; n  10), and sham operation (group 3; n  6).
nesthesia
nesthesia was induced through the intramuscular administration
f a 50 mg/kg dose of ketamine and was maintained with 1%
alothane inhalation in the supine position. Additional local anes-
hesia, containing 0.5% lidocaine hydrochloride, was applied to the
bdominal wall. A 24-gauge venous catheter was placed in the
arginal ear vein, and the animals were infused with propofol (1%
iprivan Injection, AstraZeneca, Boston, Mass) at a rate of 10
g/kg per hour, as well as 3 mL/kg per hour of a lactate ringer
olution. An arterial catheter was inserted into the right internal
arotid artery to measure proximal aortic pressure. Body temper-
ture was monitored continuously with a rectal thermometer dur-
ng operation and was maintained relatively constant between
8°C and 39°C with a heating pad.
urgical Technique
he rabbits were placed in the supine position, and a longitudinal
ncision was made at the midline of the abdomen. Throughout
aparotomy, the abdominal aorta from distal to the origin of the
enal artery to proximal to the terminal aorta was exposed for
ortic clamping to induce spinal ischemia. In this segment, all but
animal had 3 pairs of lumbar arteries. The abdominal aorta was
ncircled with a 7-0 polypropylene suture. A second arterial cath-
ter of 24 gauges was placed into the abdominal aorta between
roximal and distal aortic clamps to measure the pressure within
his segment. The animals then received 100 U/kg of heparin, and
he abdominal aorta was clamped immediately below the renal
rtery and above the aortic bifurcation.
In group 1 (with back-bleeding), a third arterial catheter of 22
auge was placed into the clamped abdominal aorta to drain
ack-bleeding from lumbar arteries, and the drained blood was
ransfused to prevent hypotension. After 15 minutes of ischemia,
he third catheter was removed and the abdominal aorta was
nclamped (Figure 1). In group 2 (control), the abdominal 
Abbreviations and Acronyms
ANOVA analysis of variance
CSF  cerebrospinal fluid
MTS modified Tarlov scale
TUNEL  terminal deoxynucleotidyl transferase-
mediated deoxyuridine triphosphate nick-
end labelingas clamped for 15 minutes without draining the blood. In group t
554 The Journal of Thoracic and Cardiovascular Surgery ● Jun(sham operation), the abdominal aorta was exposed through
edian laparotomy but not clamped.
After aortic occlusion for 15 minutes, the aorta was unclamped.
he second catheter was withdrawn, and the wounds were closed.
nimals were allowed to recover and were placed in cages.
valuation of Neurologic Outcome
erial assessments of motor function in the hind limbs of all
nimals were performed at 4, 24, and 48 hours of reperfusion using
he modified Tarlov scale (MTS; 5  normal hop, 4  weak hop,
 sits alone, 2  sits with assistance, 1 slight movement, 0 
o movement). Two investigators, who had no knowledge of the
xperimental conditions, independently assessed the animals’ neu-
ologic functions. Animals with MTS score4 were considered to
e nonparaplegic, whereas those with MTS score 3 were con-
idered to be paraplegic in this study.
valuation of Pathologic Outcome
ll animals were killed with deep sodium pentobarbital anesthesia
100 mg/kg, intravenously) after 4 or 48 hours of reperfusion.
pinal cords between L3 and L4 were quickly harvested and
laced in 4% paraformaldehyde/0.1 mol/L phosphate-buffered sa-
ine solution at 4°C for 1 week. Sections were cut transversely at
he L3 and L4 levels and embedded in paraffin. The sections were
tained with hematoxylin-eosin for histopathologic observation
nd examined by light microscopy. In cases with pyknotic nuclei,
osinophilic cytoplasm or (absent nuclear hematoxylin staining)
arge motor neuron cells were considered “necrotic or dead.”
hen the cells demonstrated basophilic stripling (containing Nissl
ubstance), motor neuron cells were considered “viable or alive.”
he number of intact neuron cells in unilateral Rexed’s laminae
II, VIII, and IX were counted and given as an average using the
riteria detailed above. To detect DNA fragmentation in cell nu-
lei, the sections were also used and processed according to the
erminal deoxynucleotidyl transferase-mediated deoxyuridine triphos-
hate nick-end labeling (TUNEL) method. The number of cells
ith nuclei clearly stained with the TUNEL method was counted
n the same way.
tatistical Analysis
ll values are expressed as the mean  standard deviation. Sta-
igure 1. Schematic representation of the animal model for spi-
al cord ischemia with back-bleeding from lumbar arteries










































































Kawanishi et al Cardiopulmonary Support and Physiology
CS
Phe Scheffe multiple comparison test to compare postoperative
eurologic scores, the number of intact neuron cells, serum hemo-
lobin, arterial PaO2, and pH in each group. Repeated measures
nalysis of variance (ANOVA) and Mann–Whitney test were also




ll animals survived the procedures. No significant differ-
nce was noted in the systolic, diastolic, and mean arterial
ressure or rectal temperature between group 1 and group 2
r among the 3 groups during the operation, respectively
Figure 2). There was a significant difference in art
igure 2. Consecutive changes of blood pressure in group 1 (open
riangle) and group 2 (open circle). A, Systolic and diastolic
rterial pressure. B, Mean arterial pressure. The “declamp” pres-
ure was measured immediately after aortic unclamping, and the
last” pressure was measured after skin closure, which took
pproximately 5 minutes after aortic unclamping in each animal.
epeated measures ANOVA and Mann–Whitney test showed no
ignificant difference between group 1 and group 2 at each
ressure.ressure in the clamped aortic segment between group 1 and s
The Journal of Thoracicroup 2 (2.5  0.2 mm Hg and 13  2.8 mm Hg, respec-
ively, P  .0001). In group 1, the amount of back-bleeding
as 12.7  7.4 mL (0.3  0.2 mL · min1 · kg1), and
0.8  4.3 mL was transfused back into the animals. There
as no difference in preoperative and postoperative hemo-
lobin values, arterial PaO2, and pH among the 3 groups.
eurologic Outcome
he animals in the sham operation group showed no neu-
ologic deficits, and their neurologic scores were 5.0  0
hen observed 4 and 48 hours after the procedure (Tab
n group 1 (with back-bleeding), 7 of 8 animals showed
eurologic deficits 4, 24, and 48 hours after the procedure,
nd the neurologic scores were 1.7  1.1, 0.9  1.5, and
.8  1.5, respectively (Table 1). In group 2 (with
ack-bleeding), no animals showed neurologic deficits, and
eurologic scores were 4.8  0.5 at 4 hours after the
rocedure. Three of 5 animals showed neurologic deficits 24
nd 48 hours after the procedure, and the neurologic scores
ere 3.2  1.8 and 2.0 2.7, respectively (Table 1). T
eurologic scores in group 1 were lower than group 2 or
roup 3 at 4 hours and 24 hours after the procedure (group
vs groups 2 and 3 at 4 hours, P .0001; group 1 vs groups
and 3 at 24 hours; P  .05 and .004, respectively).
orty-eight hours after the procedure, the neurologic scores
n group 1 were lower than in group 3 (P  .02); however,
here was no significant difference between group 1 and
roup 2 (Figure 3).
istologic Outcome
hotomicrographs of hematoxylin-eosin–stained and TUNEL-
tained sections are shown in Figure 4. The extent of 
mic damage was grossly proportional to the neurologic
core. In group 1, about one third of motor neurons in the
nterior horn were damaged (Table 1), and the numbe
ormal motor neurons was significantly smaller compared
ith group 2 and group 3 at 4 hours after operation (P .04
nd .007, respectively; Figure 5). Forty-eight hours a
peration, 6.5  2.1 and 9.5  3.5 intact motor neurons
ere found in sections from group 1 and group 2, respec-
ively (Table 1), and the number of normal motor neu
as significantly smaller than group 3 (P  .0001 and P 
001, respectively; Figure 5). The spinal cords from ra
n each group showed no positive staining of the TUNEL
eaction 4 hours after the operation, whereas 11.0  6.4
UNEL-positive neurons were found 48 hours after the
peration in sections from group 2 (P  .01 vs each group;
igure 5).
iscussion
araplegia resulting from spinal cord ischemia is a devas-
ating complication of thoracic and thoracoabdominal aortic
urgery. Despite various surgical adjuncts and pharmaco-
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CSPogic interventions, the reported incidence of paraplegia
anges from 4% to 13%.1,5,11,12 We attempted to avoi
pinal cord injury by increasing proximal and distal aortic
ressure with distal perfusion, mild or deep hypothermia,
SF drainage, segmental aortic clamping, reconstruction of
s many intercostal or lumbar arteries as possible, monitor-
ng spinal cord integrity, and so on. In addition, to maintain
pinal cord blood flow, the steal phenomenon was prevented
y inserting balloon catheters into segmental arteries or by
lamping intercostal or lumbar arteries directly outside the
orta.
Since 1985, Wadouh et al7-9 have investigated the rela-
ionships between aortic crossclamping and spinal cord
lood flow by measuring oxygen tension on the spinal cord
urface in pigs. In this report, aortic clamping of the de-
cending aorta resulted in a significant decrease in spinal
ord PO2 to 17.5% of the original value, and the prevention
igure 3. Neurologic scores with MTS in each group (black bar,
roup 1; gray bar, group 2; open bar, group 3) at 4, 24, and 48 hours
fter operation. All values are presented as the mean  standard
eviation of the Kruskal–Wallis test and Scheffe multiple com-
ABLE 1. Neurologic scores and numbers of normal large
t 4, 24, and 48 hours after ischemia
Group 1 (n  13) (with back bleeding)
4 h 24 h 48 h
13 8 8
TS 1.7 1.1* 0.9  1.5† 0.8  1.5‡
ormal motor
neurons
15.0 1.5† — 6.5 2.1§ 2
UNEL-positive cells 0 — 1.3 1.5
our hours after the operation, 5 animals were killed in groups 1 and
ransferase-mediated deoxyuridine triphosphate nick-end labeling; MTS,
ompared with group 3, and P  .05 compared with group 2; ‡P  .05 co
ith group 3; ¶P  .01 compared with groups 1 and 3.arison test. MTS, modified Tarlov scale. n
556 The Journal of Thoracic and Cardiovascular Surgery ● Junf steal phenomenon by a second clamp on the distal de-
cending aorta significantly increased cord PO2 to 85.6% of
he original value at the thoracic cord. They concluded that
fter crossclamping, blood tends to drain from the spinal
ord rather than supplying it longitudinally, and knowledge
f the exact position of the Adamkiewicz artery is of
mportance.
This study investigated the adverse effect of back-
leeding from lumbar arteries in an in vivo spinal cord
schemia model. The rabbit model involving aortic clamp-
ng is well established as a late paraplegia model after spinal
schemia13-15 and has been previously used to test the-
ential neuroprotective effect of various interventions.16-18
igure 4. Photomicrographs of histologic sections in the rabbit
pinal cord at 48 hours of reperfusion after 15 minutes of isch-
mia. Hematoxylin and eosin staining in the ventral gray matter of
roup 1 (A) and group 2 (C). The spinal cords show necrotic
hange, including destruction and vacuolization of the gray mat-
er, pyknosis of neurons, and eosinophilic changes of the cyto-
lasm (A and C). TUNEL staining in the ventral gray matter of
roup 1 (B) and group 2 (D). Arrows show motor neuron cell
r neurons and TUNEL-positive cells in ventral gray matter
Group 2 (n  10)
(without back bleeding) Group 3 (n  6) (sham operation)
h 24 h 48 h 4 h 24 h 48 h
5 5 6 3 3
0.5 3.2  1.8 2.0 2.7 5 5 5
2.0 — 9.5 3.5 22.0 2.1 — 21.0 3.2
— 11.0  6.4¶ 0 — 0
d 3 animals were killed in group 3. TUNEL, terminal deoxynucleotidyl
ed Tarlov scale. *P  .0001 compared with groups 2 and 3; †P  .01
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Pn the present study, to verify back-bleeding from the aorta,
t was directly clamped and cannulated through laparotomy.
he aortic diameter is approximately 2.5 mm, and the aorta
s not likely to be injured by catheters; however, this pro-
edure complicated the experimental model. Lang–Lazdunski
t al19 reported the impact of the open distal anastom
echnique with balloon inflation combined with incision of
he femoral artery in a rat model. This method seemed
echnically simpler, but in their model, drained blood was
erived from not only the lumbar arteries but also the
idney, bowel, and hind limbs.
Animals with prevented back-bleeding from lumbar ar-
eries showed delayed paraplegia, which suggested that
otor neurons initially appeared to have survived the isch-
mic insult, although they died a few days later. On the
ther hand, the drainage of back-bleeding induced acute
araplegia, suggesting that motor neurons had been highly
amaged initially during ischemia.
At 48 hours after the procedure, there was no neurologic
ifference between group 1 and group 2. The rabbit model
ith infrarenal aortic clamping for 15 minutes has been
eported as a spinal cord ischemia model of delayed para-
legia.13-15 The number of motor neurons with positiv
tained nuclei in TUNEL reaction was greater in group 2
han in group 1 or group 3. Sakurai et al13 and Hayashi
t al14 reported apoptotic changes of motor neurons w
UNEL staining and DNA laddering and suggested that
poptosis played an important role in delayed paraplegia in
he rabbit model with 15 minutes of aortic occlusion. Apo-
tosis due to ischemia or reperfusion injury might play an
igure 5. The number of normal motor neuron and TUNEL-positive
ells in each group at 4 and 48 hours after the procedures. All
alues are presented as the mean  standard deviation. Black,
ray, and open bars represent group 1, group 2, and group 3,
espectively. Kruskal–Wallis test and Scheffe multiple compari-
on test.mportant role in the differences in the number of TUNEL- f
The Journal of Thoracicositive cells between the animals and the time course of
euronal cell death in our study. On the other hand, Kiyo-
hima et al15 reported that histopathologic and biochemic
xamination showed no evidence of apoptosis of the motor
eurons but showed characteristics of necrotic neuronal
eath in this rabbit model. Further investigations might be
equired to demonstrate whether delayed motor neuron
eath resulting in delayed paraplegia is caused by apoptosis
r necrosis.
One cause of acute spinal cord dysfunction is believed to
e spinal cord ischemia from hypoperfusion during aortic
rossclamping. A longer period of aortic crossclamping or
ower perfusion pressure on the spinal cord makes acute
araplegia more likely.20 Decreased spinal cord blood su-
ly during aortic clamping due to back-bleeding was con-
idered a cause of acute paraplegia in group 1. Neither
erioperative hypothermia nor decreased arterial blood
ressure could account for the differences between the
xperimental groups in this study. Arterial blood pressure
ecreased about 5 minutes after starting the drainage of
ack-bleeding, but the transfusion of collected blood
romptly restored arterial pressure to the baseline value and
here was no statistically significant difference at 5 minutes
fter aortic clamping (Figure 2). Some animals without de
reased blood pressure in group 1 presented with acute para-
legia in addition to those with decreased blood pressure.
Distal aortic perfusion was usually applied in thoracoab-
ominal aortic operation; however, the steal phenomenon
till occurred not by aortic crossclamping but by opening
neurysms. Although few clinical reports have examined
hether the steal phenomenon induces spinal cord isch-
mia, various surgical techniques have been reported, in-
luding controlling back-bleeding by balloon catheters6,21,22
r by external clamping the intercostal arteries. Cooley
t al23 reported a single-clamp technique for aneurysms
he descending thoracic aorta, and they allowed the segmen-
al arteries to drain freely to reduce CSF pressure. They
rgued that oversewing the vessels before unclamping
ight increase CSF pressure, but 8.3% paraplegia rate and
3% 30-day mortality rate for aneurysms of the descending
orta are relatively high despite the short aortic clamping
ime. Back-bleeding from intercostal arteries may reduce
pinal cord arterial perfusion and increase cord ischemic
eopardy. It is important to maintain spinal cord perfusion
sing as many adjuncts as possible, including prevention of
he steal phenomenon.
tudy Limitation
t is reported that rabbits have an almost purely segmental
pinal cord vascular supply, and therefore the rabbit model
ight not be suitable for experiments that examine the
mpact of back-bleeding.24 The amount of back-bleedin
rom 2 or 3 lumbar arteries in a rabbit was revealed to be
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CSP2.7 mL, which is equal to one 15th of the whole blood
olume of a rabbit.25 Drained blood might not be deriv
rom the spinal cord itself but from other collateral circu-
ation or both, and in this case it might not be the so-called
steal phenomenon.” This study demonstrated that free
rainage of back-bleeding from the lumbar arteries dam-
ged the spinal cord, resulting in postoperative paraplegia,
hich might imply the reduction of spinal cord perfusion. In
he future, investigations are necessary in other models such as
igs, which are similar to humans in vascular anatomy of the
pinal cord.
onclusions
llowing the drainage of back-bleeding from lumbar arter-
es during aortic crossclamping resulted in an increased
araplegia rate in rabbits. We suggest that back-bleeding
rom intercostal arteries or lumbar arteries should be con-
rolled during descending thoracic or thoracoabdominal aor-
ic surgery.
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